Introduction
============

Biokinetics, that is, uptake, biodistribution, and elimination of hazardous agents, including nanoparticles (NPs) as well as xenobiotics, are key determinants of the relationship among external exposure, internal dose, and risk for adverse health effects. Historically, physiologically-based pharmacokinetic (PBPK) models have proven to accurately provide such relationships. Such models employ anatomical features and physiological values, such as the structure of the circulatory system, organ and tissue volumes, tissue partition coefficients, and tissue blood flows, to describe and predict how the substance of interest is deposited in a time-dependent manner within organs and tissues.[@b1-ijn-11-625],[@b2-ijn-11-625] They help predict the target dose for different species, estimate variability in populations, simulate scenarios and routes of exposure, and correlate the level of biomarkers to exposure.[@b3-ijn-11-625]--[@b5-ijn-11-625] Another valuable aspect of PBPK models is their ability to generate hypotheses, aid in the design of biodistribution studies, and identify additional research that is needed.

Due to the differences in the sizes of molecules and NPs, the factors that determine their biokinetic profiles are also likely to differ considerably. Therefore, novel aspects need to be considered when developing PBPK models for NPs. Thus, the blood--tissue exchange of NPs tends to be diffusion-limited in contrast to the flow-limited exchange of small molecules.[@b6-ijn-11-625] Furthermore, when NPs are injected to blood, they are rapidly taken up by phagocytic cells (PCs) in organs such as liver and spleen to an extent dependent on their size, shape, charge, coating, and state of agglomeration.[@b7-ijn-11-625]--[@b15-ijn-11-625] All organs contain PCs, but these cells are more abundant in the mononuclear phagocyte system, where they are exposed to blood.

The number of publications describing PBPK models for NPs injected intravenously is increasing rapidly.[@b6-ijn-11-625],[@b10-ijn-11-625],[@b16-ijn-11-625]--[@b28-ijn-11-625] However, a major limitation in this context is that each of these models is applicable only to a single type of NP. Moreover, the early models were similar to those for organic chemicals, that is, phagocytosis was not included, although this process is taken into account by the most recent models.[@b10-ijn-11-625],[@b17-ijn-11-625]--[@b28-ijn-11-625] The aim of the current investigation was to extend a model for the PBPK of NPs composed of pegylated polyacrylamide (PAA-PEG) NPs published recently in order to predict the biokinetics of any type of nondegradable NPs injected intravenously.[@b24-ijn-11-625] The model developed by Li et al is based on the biodistribution of PAA-PEG NPs in rats following a single intravenous dose.[@b24-ijn-11-625],[@b29-ijn-11-625] Here, we also incorporate data concerning uncoated polyacrylamide (PAA), gold, and titanium dioxide (TiO~2~) NPs administered intravenously to rats.[@b29-ijn-11-625]--[@b31-ijn-11-625]

Methods
=======

Collection of published experimental data
-----------------------------------------

Experimental data on the biodistribution of NPs injected intravenously as a single dose into rats were collected from the literature. The inclusion criteria were as follows: 1) The dose and levels in organs had to be reported in comparable quantitative units, so that the amounts in organs could be calculated as a fraction of the dose. 2) The NP should neither be soluble nor degradable (which excludes, for example, silver NPs) and the NP itself or a firmly attached substance had to be monitored (excluding, eg, NPs used as carriers for soluble drugs). 3) The observation period postinjection had to be at least 24 hours, with at least four sampling times. 4) The time-course with respect to blood, liver, spleen, and at least two additional organs or tissues had to be reported. 5) The total recovery in all reported tissues/organs monitored must be at least 25% of the injected dose. Three sufficiently detailed studies, involving four types of NPs, fulfilled these criteria.[@b29-ijn-11-625]--[@b31-ijn-11-625]

Wenger et al utilized nanospheres composed of PAA, either uncoated (PAA) or coated with polyethylene glycol (PAA-PEG) and both labeled in the polymer chain with \[^14^C\] to allow quantification of the levels in urine, feces, and ten different tissues and organs.[@b29-ijn-11-625] The diameter of the uncoated PAA as measured by dynamic light scattering was 31 nm and demonstrated a log-normal distribution, but the charge was not provided. The doses for PAA-PEG and PAA were 7 and 11 mgEq/rat, respectively, and 3--12 sampling time-points were used (Tables S1 and S2). Shinohara et al examined nanospheres of TiO~2~ with an average size of 63 nm (as measured by dynamic light scattering) and a Z-potential in aqueous disodium phosphate solution of −43 mV, but there is no mention of coating.[@b31-ijn-11-625] After injection at a concentration of 0.95 mg particles per kg body weight, inductively coupled plasma with a sector field mass spectroscopy was employed to monitor the amount of TiO~2~ NPs in eight different tissues and organs at five different sampling times (Table S3). Wang et al investigated nanorods of gold capped with cetyltrimethylammonium bromide, 13 nm in diameter and 56 nm long (as determined by transmission electron microscopy) and with a Z-potential in saline of 29 mV.[@b30-ijn-11-625] After injection at a concentration of 0.56 mg/kg body weight, inductively coupled plasma mass spectroscopy was employed to monitor the amount of gold in nine different tissues and organs at nine different postinjection time-points (Table S4). The characteristics of these different NPs are summarized in [Table 1](#t1-ijn-11-625){ref-type="table"}.

Calculation of tissue content
-----------------------------

In the case of TiO~2~, the background levels in unexposed animals were subtracted from those detected in exposed animals prior to model fitting. Observations below the limit of detection were assigned a value equal to half of this limit. Where necessary, distributions were converted to mass per organ using either dose and biometric data provided in the study, when available, or, otherwise, reference values from the literature.[@b32-ijn-11-625],[@b33-ijn-11-625]

The PBPK model
--------------

A modified version of the PBPK model developed by Li et al was applied.[@b24-ijn-11-625] In brief, this model involves ten compartments, each divided into subcompartments of blood, tissue, and PCs ([Figure 1](#f1-ijn-11-625){ref-type="fig"}). The physiological parameters ([Table 2](#t2-ijn-11-625){ref-type="table"}) were from the same as those used by Li et al.[@b24-ijn-11-625] The following assumptions and modifications of the model were made.

Since gold and TiO~2~ NPs have been shown to be taken up into the brain, this tissue was assigned a low permeability (coefficient of permeability from blood to brain \[X~brain~\]), in contrast to Li's model.[@b34-ijn-11-625]--[@b38-ijn-11-625]

We tested three sets of blood--organ coefficients of permeability. The first set involved the same grouping as in the Li model, that is, all organs other than brain were assigned a high coefficient of permeability (X~fast~) and carcass (X~rest~) assumed to exhibit a medium permeability.[@b24-ijn-11-625] In the second set, X~fast~ was reserved for liver and spleen, whereas bone marrow, heart, lung, and kidney were assigned X~rest~. These assignments were based on the fact that the PCs in liver and spleen are in direct contact with blood to a much greater extent than those in other compartments.[@b8-ijn-11-625],[@b9-ijn-11-625] In the third set, in addition to liver and spleen, X~fast~ was also used for bone marrow, which contains sinusoidal reticuloendothelial blood capillaries with phagocytic capacity and therefore more ready access to NPs in blood.[@b9-ijn-11-625]

In the Li model, the maximal phagocytic capacity per gram tissue (M~tissuecap~) was expressed as the product of the capacity per PC (maximal uptake capacity per phagocytic cell \[M~capi~\], a value that is NP-specific and tissue-independent) and the number of PCs per gram tissue (N~tissue~, NP-independent, tissue-dependent), resulting in one additional parameter (M~capi~) for each of the four different types of NP.[@b24-ijn-11-625] Here, the initial value of M~capPAA-PEG~ (prior to reoptimization) was calculated utilizing the uptake capacity in liver (M~livercap~) reported by Li et al and the number of PCs per gram liver (N~liver~) described by Alpini et al, according to [Equation 1](#fd1-ijn-11-625){ref-type="disp-formula"}:[@b24-ijn-11-625],[@b39-ijn-11-625] $$M_{\text{capPAA-PEG}} = \frac{M_{\text{livercap}}}{N_{\text{livercap}}}$$

The initial N~tissue~ values for the other tissues were then calculated by dividing Li's (M~tissuecap~) values by this with M~capPAA-PEG~ ([Equation 2](#fd2-ijn-11-625){ref-type="disp-formula"}): $$N_{\text{tissue}} = \frac{M_{\text{tissuecap}}}{M_{\text{capPAA-PEG}}}$$

The physiological parameters (organ weights, fraction of blood in organs, and fractional blood flow to organs) for the PBPK model were calculated by normalizing the rat values provided by Brown et al to the mean body weights of the animal used in the individual studies.[@b32-ijn-11-625] In their study on gold nanorods, Wang et al did not report body weights and, moreover, their rats were 4 weeks of age at the start and 8 weeks at the end of the experiment.[@b30-ijn-11-625] Since our model does not take growth into account, we assumed that these rats weighed the same as 6-week-old animals according to Mirfazaelian et al.[@b40-ijn-11-625]

In analyzing the feces, a time delay was added to account for the transit time in the gastrointestinal tract. This delay was set to 8 hours for the PAA-PEG and PAA NPs and 4 hours for the gold nanorods on the basis of observations by Wenger et al and Wang et al, respectively.[@b29-ijn-11-625],[@b30-ijn-11-625] Fecal and urinary excretion of the TiO~2~ NPs were set to zero, in accordance with the observations by Shinohara et al.[@b31-ijn-11-625]

Optimization of the model
-------------------------

Prior to formal estimation of the parameters, optimization was performed for PAA, gold, and TiO~2~ NPs by visual comparison with the experimental data in order to identify plausible initial conditions. In the case of PAA-PEG, the parameters reported by Li et al were used as the initial values.[@b24-ijn-11-625] The model was then run simultaneously with the data sets for all four NPs employing the same number of PCs in each tissue, N~tissue~, in all four cases. The NP-specific parameters optimized were as follows: the clearance to feces (rate of clearance in feces \[CL~f~\]) and urine (rate of clearance in urine \[CL~u~\]), the rates of uptake by PCs in the spleen (rate constant for uptake by PCs in the spleen \[k~sab0~\]) and other organs (rate constant for uptake by PCs \[k~ab0~\]), the blood:tissue partition coefficient (P), maximal uptake per PC (M~capi~), and the three coefficients for permeability between blood and tissues (X~fast~, X~rest~, and X~brain~).

Curve fitting was performed with the acslX Libero™ software (v. 3.0.2.1, The AEgis Technologies Group, Inc., Orlando, Florida) utilizing the CVODE algorithm. The use of the Nedler Mead procedure for optimization proved to be most stable and provided the best overall fit of the various approaches in this software. Different weights (acslX Libero™ heteroscedasticity parameters 0, 1, and 2) were tested in the least square regressions to take into account the heteroscedastic nature of the data. Based on visual inspection of time-courses and information on log likelihood values, the weighting was set to 1 for all four NPs

Sensitivity analyses
--------------------

To identify the most influential model parameters, local sensitivity analyses were performed in the acslX Libero™ and Berkeley Madonna™ software with the fourth order Runge--Kutta integration algorithm. Normalized (relative) sensitivity coefficients (SAs) were calculated for all parameters (p) and compartments as shown in [Equation 3](#fd3-ijn-11-625){ref-type="disp-formula"}: $$\text{SA}\ \text{paramiters}\ \text{=}\frac{\text{ΔAUC/AUC}}{\text{Δp/}p}$$where AUC is the area under the mass--time curve in the compartment, with ΔAUC reflecting the change associated with a 1% change in p (Δp/*p*=0.01). These SAs were calculated 10 hours after injection, as well as at the last postinjection time-point analyzed ([Tables 3](#t3-ijn-11-625){ref-type="table"} and S5--S8).

Goodness of fit
---------------

The goodness of fit was optimized by visual comparison of the experimental and predicted time-courses for the amounts of NP in the various tissues ([Figures 2](#f2-ijn-11-625){ref-type="fig"}[](#f3-ijn-11-625){ref-type="fig"}[](#f4-ijn-11-625){ref-type="fig"}--[5](#f5-ijn-11-625){ref-type="fig"} and Figures S1--S4). This assessment was followed by determination of the goodness of fit for all experimental and predicted data points ([Table 4](#t4-ijn-11-625){ref-type="table"}) by comparing log likelihood values (acslX Libero™), *R*^2^ values (linear regression analyses of log values), and PBPK indices (using log values).[@b41-ijn-11-625]

Results
=======

To investigate potential differences in the biokinetic profiles of PAA-PEG, PAA, gold, and TiO~2~ NPs, we applied our modified PBPK model to test three sets of blood--organ coefficients of permeability (see "Methods" section, [Table 2](#t2-ijn-11-625){ref-type="table"}, and [Figure 1](#f1-ijn-11-625){ref-type="fig"}).[@b24-ijn-11-625] Based on the goodness of fit (the highest *R*^2^, lowest log-likelihood value, and lowest PBPK index value, [Table 4](#t4-ijn-11-625){ref-type="table"}), the third, that is, the one involving a high coefficient of permeability (X~fast~) for liver, spleen, and bone marrow was selected for use.

Adjustment of the NP-specific parameters allowed the model to describe the biokinetic behavior of all four types of NP, despite their widely different physicochemical properties and biokinetic profiles ([Figures 2](#f2-ijn-11-625){ref-type="fig"}[](#f3-ijn-11-625){ref-type="fig"}[](#f4-ijn-11-625){ref-type="fig"}--[5](#f5-ijn-11-625){ref-type="fig"} and Figures S1--S4). Accordingly, linear regression analysis revealed good correlations between the predicted and observed amounts (log~10~ values) in various tissues in all four cases (*R*^2^ for PAA-PEG was 0.96, for PAA 0.94, for gold 0.88, and for TiO~2~ 0.91), with slopes and intercepts close to unity and zero, respectively.

PAA-PEG NPs
-----------

There was good agreement between the simulated and observed amounts of PAA-PEG NPs in all organs except bone marrow, for which the moderate fit probably reflected the extensive variability in the data observed ([Figures 2](#f2-ijn-11-625){ref-type="fig"} and S1). Furthermore, the shapes of the fitted time-courses were almost identical to those of Li et al, which together with our parameter values (with a few exceptions), suggest that our slight modifications exert only a minor impact on the modeled behavior of PAA-PEG NPs.[@b24-ijn-11-625]

Our reoptimized parameter values for PAA-PEG NPs were comparable to those originally reported by Li et al, with the exceptions of clearance in the urine and the numbers of PCs per gram blood, lung, kidney, and heart ([Tables 5](#t5-ijn-11-625){ref-type="table"} and [6](#t6-ijn-11-625){ref-type="table"} and Table S9).[@b24-ijn-11-625] Although the clearance in urine was twofold lower here, urinary excretion is minor and the amount of PAA-PEG in blood was only marginally affected. The numbers of PCs per gram tissue here are eightfold lower in the case of blood, threefold lower for lung, fourfold lower for kidney, and 24-fold lower in the case of heart.[@b24-ijn-11-625] These differences reflect optimization against a richer set of data, that is, four rather than one type of NP.[@b24-ijn-11-625] Thus, these changes are primarily a result of the data driven by the gold and TiO~2~ NPs (with normalized SAs of as much as 0.99 and 0.46, respectively), whereas the biokinetic profiles of PAA-PEG and PAA are insensitive (normalized SAs of as much as 0.13 and 0.26, respectively) (Tables S5--S8).

The PCs in lung, kidney, and heart became saturated with PAA-PEG NPs ([Figure 6](#f6-ijn-11-625){ref-type="fig"} and dotted curves in Figure S1), within less than 0.5 hours, whereas for other organs with higher capacity for uptake and/or lower blood flow, saturation process took longer -- approximately 3 hours in liver, 9 hours in bone marrow, and 110 hours in carcass, and splenic PCs were not saturated even 120 hours after injection. At the end of the follow-up period, the simulated amount of PAA-PEG present in PCs was 71% of the dose injected (Table S10).

NPs of uncoated PAA
-------------------

In general, agreement between the observed and simulated biodistribution of uncoated PAA NPs was good or reasonable for all compartments, except urine and bone marrow ([Figures 3](#f3-ijn-11-625){ref-type="fig"} and S2). In the case of urine (Figure S2J), the model did not predict the rapid initial clearance observed, which as discussed by Wenger et al may be due to renal glomerular filtration of smaller NPs.[@b29-ijn-11-625] The extensive variability in values observed for bone marrow (Figure S2H), as also seen with the PAA-PEG NPs, precluded comparisons with the simulated values.

The sensitivity analysis ([Tables 3](#t3-ijn-11-625){ref-type="table"} and S6) indicated that the time-courses for most tissues were relatively insensitive to alterations in the model parameters. The only exceptions (defined as exhibiting a normalized SA below −1.5 or above 1.5) were the dose, body weight, and weight of blood, which affected fecal excretion at 10 hours only ([Table 3](#t3-ijn-11-625){ref-type="table"}).

With respect to NP-specific parameters ([Tables 5](#t5-ijn-11-625){ref-type="table"} and S9), the maximal phagocytic capacity (M~capPAA~) and urinary (CL~u~) and fecal (CL~f~) clearances were approximately doubled, while the rate of phagocytic uptake in the spleen (k~sab0~) was 1.5-fold higher and that in other organs 2.9-fold higher (k~ab0~), than with PAA-PEG. Furthermore, urinary clearance (CL~u~) was twice as rapid. In contrast, P was only 50% of the corresponding value for PAA-PEG. These changes were reflected in a more rapid decline in blood levels (initial halftime of 19 versus 22 hours for PAA-PEG), lower level in blood at 120 hours after injection, and more extensive urinary and fecal excretion.

In general, the time-courses for the phagocytosis of PAA ([Figures 6](#f6-ijn-11-625){ref-type="fig"} and S2) and PAA-PEG NPs ([Figures 6](#f6-ijn-11-625){ref-type="fig"} and S1) were similar. Accordingly, the PCs in lung, kidney, and heart became rapidly saturated with both PAA and PAA-PEG NPs, whereas this process took longer time for organs with a high capacity for uptake of NPs and/or relatively low blood flow, that is, liver, spleen, bone marrow, and carcass. As in the case of PAA-PEG, most of the dose of PAA injected was localized in PCs at the end of the follow-up period (71% versus 84% for PAA) (Table S10).

Gold nanorods
-------------

The biokinetic profiles of the gold nanorods ([Figures 4](#f4-ijn-11-625){ref-type="fig"} and S3) differed considerably from those of PAA and PAA-PEG, but showed reasonable agreement with values reported by Wang et al for most organs, as indicated by an overall *R*^2^ value of 0.878 ([Figure 4B](#f4-ijn-11-625){ref-type="fig"}).[@b30-ijn-11-625] The deviations were underestimation of the amount in blood and kidney (Figure S3A and E) and overestimation of that in heart (Figure S3F).

The sensitivity analyses ([Tables 3](#t3-ijn-11-625){ref-type="table"} and S7) indicated that the amounts in the different compartments were influenced by several parameters, especially at the end of the 672 hours of observation. The most influential parameter was the dose (normalized SAs of 1.5--4.5 for several compartments).

The NP-specific parameters for the gold nanorods deviated strongly from those obtained for PAA-PEG and PAA NPs ([Tables 5](#t5-ijn-11-625){ref-type="table"} and S9). Thus, urinary clearance (CL~u~), the rate of uptake (k~ab0~), and maximal uptake (McapGold) by PCs were all attenuated, whereas the rate of uptake by splenic PCs (k~sab0~) and the coefficients of permeability were substantially higher, more than 100-fold in the case of X~fast~ and X~brain~.

As with PAA-PEG and PAA NPs, the gold nanorods were distributed to organs and phagocytized, but the changes in model parameters resulted in pronounced differences in biodistribution ([Figure 6](#f6-ijn-11-625){ref-type="fig"}, Table S11, and Figures S1--S3). Thus, the gold nanorods were distributed more extensively to liver (59% of the injected dose) and bone marrow (30% of the injected dose) and less so to carcass (8.7% of the injected dose). Due to their much lower dose compared to those of other NPs, virtually all of the nanorods (99.6%) were phagocytized (Table S10). Moreover, both the model and experimental observations revealed a very rapid initial drop in blood levels.

Titanium dioxide
----------------

In general, agreement between the observed and simulated time-courses for the accumulation of TiO~2~ in the various organs was reasonable ([Figures 5](#f5-ijn-11-625){ref-type="fig"} and S4). However, as in the case of the gold nanorods, our model did not adequately describe the slow long-term decrease in organs containing relatively low amounts of TiO~2~ such as lung and kidney. The sensitivity analysis ([Tables 3](#t3-ijn-11-625){ref-type="table"} and S8) did not indicate any pronounced sensitivity, with no normalized SAs below −1.5 or above +1.5.

Most of the NP-specific parameters for TiO~2~ NPs were dramatically different from corresponding values for PAA-PEG ([Tables 5](#t5-ijn-11-625){ref-type="table"} and S9). Thus, the rates of uptake (k~ab0~ and k~sab0~) and the permeability of liver, spleen, and bone marrow (X~fast~) and brain (Xbrain) were 20--110-fold higher, whereas the maximal phagocytic capacity (McapTiO2) and permeability of lung, kidney, heart, and carcass (X~rest~) were \~2--5-fold lower. In addition, the partition coefficient rose fourfold. Furthermore, there was no urinary (CL~u~) or fecal (CL~f~) clearance.

The changes in model parameters were due to rapid distribution from blood into tissue compartments and negligible urinary and fecal excretion. The model indicated that within 3 hours after injection, the simulated amount of TiO~2~ NPs in liver approached its maximum (86% of the total dose injected) ([Figures 5](#f5-ijn-11-625){ref-type="fig"} and S4B). Initial disappearance from blood occurred with a halftime of 6 minutes, that is, \~200-fold more rapidly than in the case of PAA-PEG NPs. Because of the low dose administered, the PCs in most organs were far from saturated with TiO~2~ NPs ([Figure 6](#f6-ijn-11-625){ref-type="fig"}). Moreover, the biokinetic profile was similar to that of gold nanorods, with most pronounced accumulation in liver followed by bone marrow ([Figures 6](#f6-ijn-11-625){ref-type="fig"}, S4, and Table S11), and 100% of the dose injected rapidly being taken up by PCs and retained throughout the observation period ([Figure 6](#f6-ijn-11-625){ref-type="fig"} and Table S10).

Discussion
==========

A further development of a model initially optimized for PAA-PEG NPs, our PBPK model accurately describes the biokinetic profiles of four different types of NPs, despite differences in composition (PAA-PEG, PAA, gold, and TiO~2~), dose, and size, as indicated by good correlations between the simulated and observed amounts in most of the organs and tissues investigated ([Figures 2](#f2-ijn-11-625){ref-type="fig"}[](#f3-ijn-11-625){ref-type="fig"}--[4](#f4-ijn-11-625){ref-type="fig"}). This suggests that our model can also describe the biokinetics of other nondegradable NPs injected intravenously. The large differences in certain parameters (discussed further below) indicate that these biokinetics are highly dependent on properties of the NPs, as shown in numerous experimental studies.[@b7-ijn-11-625],[@b16-ijn-11-625],[@b42-ijn-11-625] A better understanding of the relationship between biokinetic parameters and NP properties requires experiments involving different doses and properties such as size, size distribution, charge, shape, agglomeration, and surface characteristics.

An important aspect of our model is uptake of NPs by PCs and subsequent saturation of these cells. NPs injected into the bloodstream are taken up by PCs, especially those located in the organs of the mononuclear phagocyte system, such as liver, spleen, and bone marrow.[@b7-ijn-11-625]--[@b9-ijn-11-625] Our model confirms this pattern.

In addition, high intravenous doses of NPs are known to saturate liver and thereby modify biokinetics.[@b43-ijn-11-625],[@b44-ijn-11-625] When liver becomes saturated, NPs are taken up by other organs, such as kidneys, bone marrow, and lungs instead, as indicated by our simulations on PAA-PEG and PAA NPs.

In terms of mass, the doses of PAA-PEG and PAA NPs employed were 30--123-fold higher than those of gold and TiO~2~ and in terms of NP number or total surface area, 1,300--2,400-fold higher (Table S12). The doses of gold and TiO~2~ NPs were too low to saturate the hepatic PCs, as a result of which most of these NPs were captured by liver.

In summary, the widely different biokinetic profiles of our four different types of NPs can be described well by incorporating saturable phagocytosis into the model. One consequence of this saturable process is that the biokinetic profile may shift as the dose increases ([Figure 7](#f7-ijn-11-625){ref-type="fig"}). This hypothesis should be tested in experiments involving different doses of one type of NP.

Our model assumes that all PCs behave in the same manner, whereas in reality, PCs are quite heterogeneous and may differ substantially among organs, species, and conditions of health.[@b45-ijn-11-625] A second potential oversimplification is our assumption of a single mechanism for phagocytosis of NPs, although several endocytotic pathways exist and in vitro uptake capacity varies among PCs and endocytosis depends on the properties of the NPs, as well as the corona formation.[@b46-ijn-11-625]--[@b50-ijn-11-625]

Maximal phagocytic uptake is often reported either as the number or amount of NPs per phagocyte. In spite of our simplifications, the maximal uptake capacities of 2,000--300,000 NPs or 0.4--5 pg per PC estimated by our model are in the same range as those observed in vitro (Table S13). For example, Alkilany and Murphy reported an uptake of 45--150,000 gold NPs per cell and Ferrari et al detected 100--10,000,000 polymeric NPs per 4T1 cell, depending on the cell line, composition, size, charge, coating, and dose of the NPs.[@b51-ijn-11-625],[@b52-ijn-11-625] Although the nano PBPK models developed by Bachler et al and Lin et al also incorporate phagocytosis, their findings cannot be readily compared to our own because of major differences in the organs monitored, organs with/without PCs, PC saturation, translocation from blood to PCs (serial/ parallel), blood:tissue partitioning, and so on.[@b23-ijn-11-625],[@b25-ijn-11-625],[@b28-ijn-11-625]

Several models for cellular NP uptake in vitro have been proposed, some of which suggest that the NPs are adsorbed to the cell surface prior to endocytosis.[@b16-ijn-11-625],[@b46-ijn-11-625]--[@b48-ijn-11-625] According to these models, the rate of this is faster than the rate of endocytosis, which depends on the accessibility and recirculation of appropriate receptors. Reported rates of endocytosis vary by more than three orders of magnitude and, in addition, adsorption can occur more than three orders of magnitude more rapidly than endocytosis itself.[@b53-ijn-11-625]

Our simulations suggest a 100-fold difference in the rate of phagocytic uptake, with gold and TiO~2~ NPs representing the extremes. Our estimated rate for phagocytic uptake of gold nanorods is approximately four orders of magnitude higher than the rate of endocytosis and approximately twofold lower than the rate of adsorption, reported by Jin et al, for 50 nm gold NPs.[@b53-ijn-11-625] As in the case of maximal phagocytic capacity, our present estimates cannot readily be compared with those obtained from other nano PBPK models.

Here, the uptake rate was independent of time and became slower and slower as the PCs become saturated. In contrast, the model developed by Lin et al describes the rate of uptake as a function of time with the Hill equation.[@b25-ijn-11-625] On the other hand, the model developed by Bachler et al employs an uptake rate that is independent of both time and concentration, that is, with no saturation of the PCs.[@b23-ijn-11-625],[@b28-ijn-11-625]

The slower uptake for PAA-PEG than PAA into PCs was expected since the polyethylene glycol coating reduces the attachment of proteins and formation of corona, thereby attenuating and delaying recognition and uptake.[@b7-ijn-11-625],[@b54-ijn-11-625] Corona formation, which is, complex and dynamic, may affect phagocytosis and partitioning, and consequently biodistribution.[@b55-ijn-11-625]--[@b57-ijn-11-625] Such dynamic changes are not taken into account by any nano PBPK model of which we are aware, including our own. However, several investigators have emphasized the importance of corona dynamics and this aspect of modeling needs to be explored further, especially in relationship to alterations in NP partitioning between blood and tissues and the rate of phagocytic uptake with time.[@b21-ijn-11-625],[@b23-ijn-11-625],[@b57-ijn-11-625]

The incorporation of partition coefficients (sometimes referred to as distribution coefficients) into our model can be questioned since, in contrast to small, nonionized molecules, NPs form thermodynamically unstable, nonheterogenous suspensions so that partitioning equilibrium may not be attained.[@b58-ijn-11-625] Thus, NPs tend to agglomerate/aggregate, conditions in the body may cause a corona to change with time, and most preparations contain NPs with a range of sizes.[@b55-ijn-11-625]--[@b57-ijn-11-625] Accordingly, partition coefficients, like any other NP-specific model parameter, represent averages that together hopefully yield the most accurate prediction of average NP biokinetic behavior.

Utilization of average or "lumped" model parameters is hardly unique to nano PBPK models. For example, such models for lipophilic chemicals routinely consider fat as a single compartment, in spite of the well-known fact that the various fat depots differ with respect to vascular perfusion.[@b59-ijn-11-625] In any case, most, if not all, investigators incorporate partition coefficients into their nano PBPK models.[@b10-ijn-11-625],[@b17-ijn-11-625]--[@b22-ijn-11-625],[@b24-ijn-11-625]--[@b27-ijn-11-625] Here, we found that at least in the case of PAA-PEG, PAA, and gold NPs, the biokinetics cannot be accurately described without introducing a P factor and a similar conclusion was reached by Lin et al.[@b25-ijn-11-625]

The exchange of NPs between blood and organs is strongly influenced by the ability to cross the endothelium. This endothelial permeability varies between organs as a result of differences in the degree of fenestration, as well as phagocytic capacity. Moreover, liver and bone marrow contain a special type of sinusoidal reticuloendothelial capillaries with open pores and phagocytic properties that allow easier access for circulating NPs.[@b9-ijn-11-625]

To account for such differences, we grouped the organ compartments into three sets with high permeability (X~fast~), medium (X~rest~), or low permeability of the blood--brain barrier (Xbrain). We tested three likely groupings, and the third of these exhibited the best goodness of fit, that is, high permeability for liver, spleen, and bone marrow; medium permeability for the rest of organs except the brain; and low permeability for the brain ([Table 4](#t4-ijn-11-625){ref-type="table"}). This grouping appears appropriate from an anatomical point of view as well because of those sinusoidal reticuloendothelial capillaries in liver and bone marrow and the fact that endothelial PCs in liver and spleen are in direct contact with blood.

Obviously, the permeability of NPs depends not only on endothelial structure, but also on their properties, including size, shape, surface coating, and degree of agglomeration.[@b60-ijn-11-625]--[@b62-ijn-11-625] Indeed, the varying coefficients of permeability obtained for our four types of NPs may reflect such differences. A better understanding of the relationship between the properties of NPs and endothelial permeability is clearly needed. Such insight might be obtained from systematic biodistribution studies on different NPs performed in vivo and/or with isolated, perfused organs.

Since gold and TiO~2~ NPs are known to be taken up into the brain, we modified Li's model to allow such translocation.[@b24-ijn-11-625],[@b30-ijn-11-625]--[@b38-ijn-11-625] This modification exerted only a limited impact on the biokinetics of PAA-PEG and PAA NPs since most of these NPs in the brain were in residual blood. However, in contrast, the amounts of gold and TiO~2~ NPs in the brain cannot be explained by differences in the content of residual blood, which lends support to a permeability greater than zero.

The local sensitivity analyses revealed substantial differences between the four types of NPs with respect to sensitivity to the model parameters due to differences in dose that resulted in varying degrees of PC saturation. For example, the PCs in all tissues except the spleen and carcass rapidly become saturated with PAA and PAA-PEG NPs and, furthermore, carcass contains large amounts of PCs. As a consequence, the parameters to which the NPs are most sensitive are those that determine the tissue partitioning and accumulation in carcass.

Extension of the PBPK model to gold and TiO~2~ NPs revealed some novel insights on biokinetic behavior, especially since these were followed-up for a longer period after injection (gold 672 hours, TiO~2~ 720 hours) than was the case for the PAA and PAA-PEG NPs (120 hours). Thus, the amounts of gold and TiO~2~ NPs observed in organs with low contents, such as lung and kidney, decreased slowly with time, which the model failed to predict. This indicates the occurrence of additional processes, such as degradation, dissolution, or removal via the lymphatic system, that are not presently included in any PBPK model for nondegradable NPs published, including our own. To more accurately take such processes into consideration, longer follow-up times are required.

Conclusion
==========

Our present simulations indicate that a slightly modified version of the nano PBPK model developed by Li et al for PAA-PEG also accurately describes the biokinetics of other nondegradable NPs injected intravenously, an advantageous advance for risk assessment.[@b24-ijn-11-625] On the basis of these simulations, we conclude that phagocytosis must be incorporated into nano PBPK models, dose exerts a profound impact on the biokinetics, and additional information concerning the permeability of NPs in different organs is required. To enhance our understanding of the relationship between the properties and biokinetics of NPs, intravenous biodistribution studies with associated PBPK analyses are also necessary. Such studies should preferably involve: 1) extensive characterization of the NPs (size, size distribution, integrity, etc), 2) monitoring of several organs at several time-points, 3) frequent sampling immediately after dosing, 4) long follow-ups, 5) determination of the mass balance (total recovery), and 6) a detailed description of the analytical procedures employed (specificity, limits of detection, background levels, etc).

We would like to thank Professor Joseph W DePierre for his support with linguistic improvements. The study was financed by the Swedish Research Council for Health, Working Life and Welfare (Forte, grant No 2010-0702), Sweden, the NANoREG project of the European Union Seventh Framework Programme (grant No 310584), and the US Environmental Protection Agency under EPA STAR Program (grant No RD-83486001).

**Author contributions**

All authors contributed toward data analysis, drafting and critically revising the paper and agree to be accountable for all aspects of the work.

**Disclosure**

The authors report no conflicts of interest in this work.

![Schematic illustration of our physiologically-based pharmacokinetic model.\
**Notes:** Each of the ten compartments is divided into three subcompartments representing blood, tissue, and phagocytic cells. Adapted from Physiologically based pharmacokinetic modeling of polyethylene glycol-coated polyacrylamide nanoparticles in rats, Li D, Johanson G, Emond C, Carlander U, Philbert M, Jolliet O, *Nanotoxicology*. 2014;8(S1):128--137,[@b24-ijn-11-625] reprinted by permission of Taylor & Francis Ltd.](ijn-11-625Fig1){#f1-ijn-11-625}

![The biokinetics of pegylated polyacrylamide (PAA-PEG) nanoparticles.\
**Notes:** The simulated and experimentally observed amount of PAA-PEG nanoparticles in different tissues and organs of the rat at various time-points, following a single intravenous injection of 7,000 μg. The experimental data are from Wenger et al.[@b29-ijn-11-625] (**A**) Simulated (solid lines) and observed (symbols) time-courses. (**B**) Comparison of the logs of the simulated and observed values for all data points used in the analysis.](ijn-11-625Fig2){#f2-ijn-11-625}

![The biokinetics of uncoated polyacrylamide (PAA) nanoparticles.\
**Notes:** The simulated and experimentally observed amounts of PAA nanoparticles in different tissues and organs of the rat at various time-points, following a single intravenous injection of 11,000 μg. The experimental data are from Wenger et al.[@b29-ijn-11-625] (**A**) Simulated (solid lines) and observed (symbols) time-courses. (**B**) Comparison of the logs of the simulated and observed values for all data points used in the analysis.](ijn-11-625Fig3){#f3-ijn-11-625}

![The biokinetics of gold nanorods.\
**Notes:** The simulated and experimentally observed amounts of gold nanorods in different tissues and organs of the rat after various time-points, following a single intravenous injection of 89.6 μg. The experimental data are from Wang et al.[@b30-ijn-11-625] (**A**) Simulated (solid lines) and observed (symbols) time-courses. (**B**) Comparison of the logs of the simulated and observed values for all data points used in the analysis.](ijn-11-625Fig4){#f4-ijn-11-625}

![The biokinetics of titanium dioxide (TiO~2~) nanoparticles.\
**Notes:** The simulated and experimentally observed amounts of TiO~2~ nanoparticles in different tissues and organs of the rat after various time-points, following a intravenous injection of 232 μg. The experimental data are from Shinohara et al.[@b31-ijn-11-625] (**A**) Simulated (solid lines) and observed (symbols) time-courses. (**B**) Comparison of the logs of simulated and observed values for all data points used in the analysis. The values for the urine and feces were zero at all time-points (not shown).](ijn-11-625Fig5){#f5-ijn-11-625}

![Percentage saturation of the phagocytic cells (PCs) in various organs with nanoparticles.\
**Notes:** Time-course of the estimated saturation of PCs in different organs following a single intravenous injection of (**A**) 7,000 μg pegylated polyacrylamide (PAA-PEG), (**B**) 11,000 μg uncoated polyacrylamide (PAA), (**C**) 89.6 μg gold, and (**D**) 232 μg titanium dioxide (TiO~2~) nanoparticles.](ijn-11-625Fig6){#f6-ijn-11-625}

![Estimation of the biokinetics of the four types of nanoparticles at different doses employing our model.\
**Notes:** Estimation curves describing the percentage of the dose administered recovered in liver, blood, and phagocytic cells (PCs) and percentage saturation of PCs at different doses in rats 24 hours after intravenous injection of (**A**) pegylated polyacrylamide (PAA-PEG), (**B**) uncoated polyacrylamide (PAA), (**C**) gold, and (**D**) titanium dioxide (TiO~2~) nanoparticles. The vertical arrows indicate the doses employed by Wenger et al,[@b29-ijn-11-625] Wang et al,[@b30-ijn-11-625] and Shinohara et al.[@b31-ijn-11-625]](ijn-11-625Fig7){#f7-ijn-11-625}

###### 

Summary of the four studies on which our physiologically-based pharmacokinetic model is based

  Material                 PAA                                             PAA                                                   Gold                                   TiO~2~
  ------------------------ ----------------------------------------------- ----------------------------------------------------- -------------------------------------- ----------------------------------
  Coating                  PEG                                             No                                                    CTAB                                   No
  Shape                    Sphere                                          Sphere                                                Rod                                    Sphere
  Dose (μg)                7,000                                           11,000                                                90                                     232
  Size (nm)                D: 31                                           D: 31                                                 L: 56 D: 13                            D: 63
  Size determined by       DLS                                             DLS                                                   TEM                                    DLS
  Sampling times (hours)   0.08, 0.17, 0.5, 1, 4, 8, 24, 48, 72, 96, 120   0.08, 0.17, 0.33, 0.67, 1, 2, 4, 8, 24, 72, 96, 120   0.5, 1, 4, 16, 24, 72, 168, 336, 672   6, 24, 72, 168, 720
  Rat strain               Crl CD^®^(SD)IGS BR                             Crl CD^®^(SD)IGS BR                                   Sprague Dawley                         F344/DuCrlCrlj
  Mean body weight (g)     253.4                                           253.4                                                 160                                    244
  Organs monitored         Bl, Li, Sp, Lu, Ki, He, Br, Lymp, BM, carcass   Bl, Li, Sp, Lu, Ki, He, Br, Lymp, BM, carcass         Bl, Li, Sp, Lu, Ki, He, Br, Bo, Mu     Bl, Li, Sp, Lu, Ki, He, Br, Lymp
                                                                                                                                                                        
  Excretion                U+F                                             U+F                                                   U+F                                    U+F
  Analytical method        C14                                             C14                                                   ICP-MS                                 ICP-SFMS
  Reference                Wenger et al[@b29-ijn-11-625]                   Wenger et al[@b29-ijn-11-625]                         Wang et al[@b30-ijn-11-625]            Shinohara et al[@b31-ijn-11-625]

**Abbreviations:** PAA, polyacrylamide; PEG, polyethylene glycol; CTAB, cetyltrimethylammonium bromide; TiO~2~, titanium dioxide; Bl, blood; Li, liver; Sp, spleen; Lu, lung; Ki, kidney; He, heart; Br, brain; Lymp, lymph nodes; BM, bone marrow; Bo, bone; Mu, muscle; U, urine; F, feces; DLS, dynamic light scattering; TEM, transmission electron microscopy; C14, carbon-14 radioactivity; ICP, inductively coupled plasma; MS, mass spectroscopy; SFMS, sector field mass spectroscopy; D, diameter; L, length.

###### 

Nanoparticle-independent parameters in our physiologically-based pharmacokinetic model

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Parameter                                                                              Tissues and organs                                                             
  -------------------------------------------------------------------------------------- -------------------- ------- -------- ------- ------- ------- ------- -------- -------
  Fraction of total cardiac output to tissue[a](#tfn2-ijn-11-625){ref-type="table-fn"}   --                   0.183   0.0146   1       0.141   0.051   0.02    0.0267   0.564

  Fraction of total body weight[a](#tfn2-ijn-11-625){ref-type="table-fn"}                0.074                0.034   0.002    0.005   0.007   0.003   0.006   0.03     0.839

  Fraction of blood in different tissue[a](#tfn2-ijn-11-625){ref-type="table-fn"}        0.2 Arterial\        0.21    0.22     0.36    0.16    0.26    0.03    0.1      0.04
                                                                                         0.8 Venous                                                                     

  Fraction of residual blood in brain[b](#tfn2a-ijn-11-625){ref-type="table-fn"}         --                   --      --       --      --      --      0.346   --       --

  Fraction of residual blood in tissue[b](#tfn2a-ijn-11-625){ref-type="table-fn"}        --                   0.177   0.177    0.177   0.177   0.177   --      0.177    0.177
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Literature values.[@b32-ijn-11-625],[@b63-ijn-11-625],[@b64-ijn-11-625]

As estimated by Li et al.[@b24-ijn-11-625]

###### 

Normalized sensitivity coefficients

  Parameter                                                                  Compartment   PAA-PEG                                       PAA                                           Gold                                          TiO~2~                                                                                                                                                                                        
  -------------------------------------------------------------------------- ------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- ----------------------------------------------- ----------------------------------------------- ----------------------------------------------- -----------------------------------------------
  Dose                                                                       Blood         1.06                                          1.16                                          1.06                                          1.20                                          2.16                                            4.43                                            1.01                                            [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Spleen        1.15                                          [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   1.21                                          1.01                                          1.79                                            4.34                                            1.01                                            1.01
                                                                             Lung          1.19                                          1.18                                          1.23                                          1.13                                          [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     1.09                                            1.02
                                                                             Kidney        1.22                                          1.24                                          1.26                                          1.35                                          1.97                                            [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     1.27                                            1.02
                                                                             Heart         1.32                                          1.30                                          1.36                                          1.43                                          2.13                                            [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     1.41                                            1.03
                                                                             Brain         1.05                                          1.15                                          1.06                                          1.19                                          1.76                                            4.41                                            1.00                                            [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Bone marrow   1.12                                          [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   1.23                                          [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
                                                                             Carcass       1.54                                          1.16                                          1.47                                          1.13                                          [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
                                                                             Feces         1.49                                          1.18                                          1.93                                          1.26                                          1.72                                            4.47                                            [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
                                                                             Urine         1.04                                          1.12                                          1.04                                          1.15                                          1.71                                            4.44                                            [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
  Body weight                                                                Blood         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.09                                           −3.03                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Spleen        [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.97                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Brain         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −3.26                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Feces         −1.62                                         −1.03                                         −2.12                                         −1.08                                         −1.67                                           −4.03                                           [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
                                                                             Urine         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.66                                           −4.01                                           [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
  Blood, fraction of total body weight                                       Feces         −1.18                                         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.54                                         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
  Liver, fraction of total body weight                                       Blood         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.07                                           −2.45                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Spleen        [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.40                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Brain         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.43                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Feces         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.27                                         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.47                                           [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
                                                                             Urine         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.45                                           [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
  Liver, fraction of total cardiac output                                    Feces         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   1.07                                          [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
  Liver, number of phagocytic cells per gram tissue                          Blood         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.96                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Spleen        [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.91                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Brain         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.94                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Feces         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.97                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Urine         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.95                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
  Bone marrow, number of phagocytic cells per gram tissue                    Blood         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.21                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Spleen        [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.19                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Brain         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.20                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Feces         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.22                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Urine         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.21                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
  Uptake capacity of individual phagocytic cells                             Blood         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.13                                           −3.13                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Spleen        [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −3.07                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Brain         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −3.12                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Feces         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −3.17                                           [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
                                                                             Urine         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −3.15                                           [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
  Coefficient of permeability from blood to liver, spleen, and bone marrow   Feces         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   1.08                                          [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}   [\*\*](#tfn5-ijn-11-625){ref-type="table-fn"}
  Coefficient of permeability from blood to brain                            Blood         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.07                                           −2.45                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Spleen        [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.40                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Brain         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −1.49                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Feces         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   −1.27                                         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.47                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}
                                                                             Urine         [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}   [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     −2.45                                           [\*](#tfn4-ijn-11-625){ref-type="table-fn"}     [\*](#tfn4-ijn-11-625){ref-type="table-fn"}

**Notes:** Normalized sensitivity coefficients for the most sensitive parameters of our physiologically-based pharmacokinetic model (sensitivity coefficient below −1 or above 1) in the various compartments. All sensitivity coefficients are presented in Tables S5--S8.

Absolute value below 1.0.

Not applicable.

**Abbreviations:** PAA, polyacrylamide; PAA-PEG, pegylated polyacrylamide; TiO~2~, titanium dioxide.

###### 

The goodness of fit

                                                Organs with X~fast~      Organs with X~rest~       Log likelihood[b](#tfn9-ijn-11-625){ref-type="table-fn"}   *R*^2^[c](#tfn10-ijn-11-625){ref-type="table-fn"}   PBPK index[d](#tfn11-ijn-11-625){ref-type="table-fn"}
  --------------------------------------------- ------------------------ ------------------------- ---------------------------------------------------------- --------------------------------------------------- -------------------------------------------------------
  1[a](#tfn8-ijn-11-625){ref-type="table-fn"}   Li, Sp, BM, Lu, Ki, He   Carcass                   −1,530                                                     0.955                                               0.347
  2                                             Li, Sp                   Carcass, Lu, Ki, He, BM   −1,510                                                     0.956                                               0.344
  3                                             Li, Sp, BM               Carcass, Lu, Ki, He       −1,507                                                     0.968                                               0.219

**Notes:** Comparison of the goodness of fit with different assignments of high and medium blood--tissue permeability. All four types of NPs were included in the calculations.

As in Li et al.[@b24-ijn-11-625]

Overall log likelihood values were calculated in the acslX Libero™ software, with a higher value indicating a better fit.

Overall *R*^2^ values calculated after log transformation.

Overall PBPK indices calculated on the basis of log values as suggested by to Krishnan et al.[@b41-ijn-11-625] A lower value indicates a better fit.

**Abbreviations:** Li, liver; Sp, spleen; BM, bone marrow; Lu, lung; Ki, kidney; He, heart; X~fast~, coefficient of permeability for those organs with high permeability; X~rest~, coefficient of permeability in the remaining compartments; PBPK, physiologically-based pharmacokinetic.

###### 

Nanoparticle-specific parameters of our physiologically-based pharmacokinetic model

  Parameter   Unit       PAA-PEG   PAA   Gold   TiO~2~
  ----------- ---------- --------- ----- ------ --------
  CL~u~       mL/h       1         2.4   0.2    N/A
  CL~f~       mL/h       1         1.7   1.2    N/A
  k~ab0~      1/h        1         2.9   0.7    82
  k~sab0~     1/h        1         1.5   8.8    57
  M~cap~      μg         1         1.9   0.2    0.5
  P           Unitless   1         0.5   0.5    3.8
  X~fast~     Unitless   1         0.7   910    111
  X~rest~     Unitless   1         1.3   1.7    0.2
  X~brain~    Unitless   1         1.0   103    21.1

**Notes:** Optimized values expressed relative to the corresponding values for PAA-PEG.

**Abbreviations:** PAA-PEG, pegylated polyacrylamide; PAA, polyacrylamide; TiO~2~, titanium dioxide; N/A, not applicable because no clearance; CL~u~, rate of clearance in urine; CL~f~, rate of clearance in feces; k~ab0~, rate of uptake by phagocytic cells; k~sab0~, rate of uptake by phagocytic cells in the spleen; M~cap~, uptake capacity per phagocytic cell; P, blood:tissue partition coefficient; X~fast~, coefficient of permeability from blood to liver, spleen, and bone marrow; X~rest~, coefficient of permeability from blood to lung, kidney, heart, and carcass; Xbrain, coefficient of permeability from blood to the brain.

###### 

The numbers of phagocytic cells (per gram) in the different tissues

  Tissue        Previously reported[a](#tfn16-ijn-11-625){ref-type="table-fn"}   Estimated here
  ------------- ---------------------------------------------------------------- ----------------
  Blood         1.43×10^4^                                                       1.85×10^3^
  Liver         2.70×10^7^                                                       2.72×10^7^
  Spleen        2.28×10^8^                                                       2.08×10^8^
  Lung          9.21×10^6^                                                       2.69×10^6^
  Kidney        3.90×10^5^                                                       9.87×10^4^
  Heart         1.82×10^6^                                                       7.55×10^4^
  Brain         3.90×10^5^                                                       3.06×10^5^
  Bone marrow   1.49×10^7^                                                       1.47×10^7^
  Carcass       6.35×10^6^                                                       8.11×10^6^

**Notes:** These values, considered to be independent on the type of nanoparticle, were obtained from the best fit to experimental data.

Calculated on the basis of the values reported by Li et al for the uptake capacity of phagocytizing cells per gram organ weight.[@b24-ijn-11-625]
